Background Cancer-related weight loss is associated with increased inflammation and decreased survival. The novel inflammatory mediator growth differentiation factor (GDF)15 is associated with poor prognosis in cancer but its role in cancer-related weight loss (C-WL) remains unclear. Our objective was to measure GDF15 in plasma samples of cancer subjects and controls and establish its association with other inflammatory markers and clinical outcomes.
Introduction
Over 1.5 million individuals in the USA are diagnosed with cancer each year. Energy metabolism is usually affected in this population, leading to an involuntary decrease in body weight because of fat and muscle loss known as cachexia. This condition eventually is present in up to 80% of patients with advanced cancer and is associated with decreased response to therapy, quality of life, and survival. [1] [2] [3] Weight loss related to cancer has been associated with increased inflammation. Moreover, inflammation has been directly implicated in all components of cachexia including weight loss, decreased food intake, increased muscle proteolysis, increased adipose tissue lipolysis, and energy expenditure. [4] [5] [6] The novel inflammatory marker growth differentiation factor 15 (GDF15), also known as macrophage inhibitory cytokine-1, is a cytokine member of the transforming growth factor beta family. This factor circulates in plasma at detectable concentrations in healthy individuals but is significantly elevated in cancer. 7 More recently, it has been postulated to play a role in the development of cancer-related weight loss (C-WL). In animal models, GDF15 was shown to induce anorexia, fat, and lean body mass loss. 8 While its role in human cancer is not yet understood, some but not all studies report an association between GDF15 levels and weight loss and poor prognosis and decreased survival. 9, 10 There is an ongoing search for anabolic, catabolic, and anti-catabolic circulating biomarkers that would aid in establishing the diagnosis and prognosis in patients at risk or with ongoing C-WL. In this study, we aim at determining the association, if any, between circulating levels of a panel of cytokines, including GDF15, with body weight, lean and fat mass (FM), muscle strength, performance status, and survival in a cross-sectional study of patients with cancer with and without weight loss and a non-cancer control group.
Materials and methods

Study design
This study was performed at the Michael E. DeBakey VA Medical Center (MEDVAMC) in Houston, TX. All clinical investigations were conducted in accordance with the guidelines in The Declaration of Helsinki. This was a crosssectional study of male patients with cancer with and without significant weight loss (greater than 5% over the previous 6 months), and male non-cancer controls matched by age and body mass index to the two cancer groups. The study also had a retrospective follow-up component when information was gathered from the electronic medical records to collect survival data. Subjects were followed until November 2011 or until death, whichever occurred first (median: 1485 days). The Social Security Death Index 11 and medical record were used to enter date of death.
Eligibility criteria
Subjects were ≥18 years old and provided written informed consent. The study included (1) individuals with cancer, excluding non-melanoma skin cancer and cancer-related weight loss (C-WL, n = 58); (2) individuals with cancer, excluding nonmelanoma skin cancer, without weight loss [cancer-weight stable (C-WS), n = 72]; and (3) weight-stable subjects without cancer (controls, Co, n = 59). Exclusion criteria included Eastern Cooperative Oncology Group (ECOG) score >2, body mass index >35 (because of a weight limitation of the dual-energy x-ray absorptiometry scanner), history of congestive heart failure, active infections, or other inflammatory conditions associated with weight loss, evidence of ascites or clinically significant oedema, use of anabolic agents, appetite stimulants (including corticosteroids other than dexamethasone at the time of IV chemotherapy administrations), alcohol abuse, tube feeding or parenteral nutrition in the prior three months, participation in a clinical trial with investigational agents within one month prior to recruitment, and use of androgens or anti-androgens. None of the cancer subjects were receiving curative chemotherapy.
Study measures
Body weight changes were assessed using weights recorded in the electronic medical records 12 months before enrolment (baseline), 6 months before enrolment, or at the time of enrolment in the study. Subjects were weighed on a calibrated scale, and appetite was assessed by the previously validated Anderson Symptom Assessment Scale visual analogue scale. 12, 13 In a subset of subjects (34 C-WL, 36 C-WS and 40 Co), the following outcomes were also measured: Functional assessment was performed by previously validated ECOG, Karnofsky performance scale (KPS), and Functional Assessment of Chronic Illness Therapy-Fatigue (FACIT-F) questionnaires.
14 All questionnaires except ECOG were adjusted during data analysis so that the lowest number meant worst symptoms and the highest number meant no symptoms at all. Lean body mass (LBM) and FM were measured by dual-energy x-ray absorptiometry (Lunar Prodigy DF + 14333, Software 6.7v, GE). Grip strength was assessed with a hand-held dynamometer (Jamar Hydraulic Dynamometer, model #5030J1, J.A. Preston Corp., Clifton, NJ, USA). Some of these results have been reported previously. 15 The following markers were measured in an early morning fasting plasma samples: Activin A, eotaxin, fibroblast growth factor basic (FGFb), granulocyte-colony stimulating factor (G-CSF), GDF15, granulocyte-macrophage colony-stimulating factor (GM-CSF), interferon gamma, interleukin (IL)-10, IL12p70, IL-13, IL-15, IL-17, IL-1β, IL-1 receptor a (IL-1Ra), IL-2, IL-4, IL-5, IL-6, IL-7, IL-8, IL-9, interferon gamma-induced protein 10 (IP-10 or CXCL10), monocyte chemotactic protein 1 (MCP-1 or CCL2), macrophage inflammatory protein-1 alpha (MIP-1α or CCL3), macrophage inflammatory protein-1 beta (MIP-1β or CCL4), platelet-derived growth factor B (PDGF-bb), regulated on activation, normal T cell expressed and secreted (RANTES or CCL5), tumour necrosis factor alpha (TNF-α), and vascular endothelial growth factor A (VEGFA). Individual enzyme-linked immunosorbent assay kits were used for measurements of GDF15 and Activin A (R&D Systems, Minneapolis, MN, USA). The rest of the cytokines were measured using Bio-Plex Pro ™ Human Cytokine 27-Plex Assay from Bio-Rad® (Luminex®, magnetic beads, Bio-Rad, Hercules, CA, USA) and analysed by using the Bio-Plex Manager 2.0 software (all from Bio-Rad Laboratories). Albumin and highly sensitive C-reactive protein (hs-CRP) were also measured as we previously published. 15 All procedures were carried out according to the manufacturer's instructions. Because no normal values have been established for these analytes and our sample is too small to establish such values, information is presented using mean ± SD or SEM or quartiles.
Statistical analysis SPSS v17.00 (SPSS Inc., Chicago, IL, USA) and R v2.14.1 (http:// www.r-project.org/) were used for statistical analysis. Variables were summarized descriptively by group using N, mean and standard error for normally distributed continuous variables, by median and interquartile range for non-normally distributed variables, and by frequencies (%) for nominal or ordinal variables. A three-group (controls vs C-WL vs C-WS) analysis of variance was used to analyse normally distributed continuous variables, and non-parametric tests were used for variables non-normally distributed. Data from analytes were converted to categorical variables (detectable vs nondetectable) when more than 25% of samples were below the level of detection for the assay (eotaxin, G-CSF, GM-CSF, IL-10, IL-12p70, IL-13, IL-15, IL-17, IL-1β, IL-2, IL-5, IL-7, and MIP-1α). Statistical comparisons for these categorical variables were performed using the chi-squared test. For multiple comparisons, the Dunn's test was used. P values ≤0.05 were considered statistically significant. It was anticipated that cancer stage may be highly associated with C-WL and survival. The association between GDF15 and other cytokines and C-WL and survival was measured by a logistic regression model or Cox proportional hazards model to determine which variables, in addition to cancer stage, were significant predictors of C-WL and mortality. The measure of association was given by the P value. Pearson's correlations, or nonparametric Spearman's correlation when the data were not normally distributed, were obtained between continuous variables. See supplemental data for more information.
Results
Subjects were all male with similar body weights 12 months before entering the study. Subjects in the C-WS group were slightly older than in the other two groups, although this was probably not clinically relevant. As expected, C-WL subjects had significantly lower body weight and had experienced a significant degree of weight loss over the previous 6 and 12 months compared with non-cancer controls and to subjects with cancer and without weight loss (Table 1 ). There were no significant differences in ethnicity or rate of comorbidities between groups but controls had a lower rate of exposure to opioids compared with the other groups, as expected. There were no significant differences regarding diagnosis, stage, opioid, or chemotherapy use between the *P < 0.05 compared with C-WL; £ P < 0.05 compared with other groups. **P < 0.001 compared with C-WL; § P < 0.001 compared with controls. †Staging performed only for solid tumours. COPD, chronic obstructive pulmonary disease; GI, gastrointestinal tumours; GU, genito-urinary tumours; aLBM, appendicular lean body mass; FM, fat mass; HGS, handgrip strength; and ASAS, Anderson symptoms assessment scale.
GDF15 in cancer-related weight loss two cancer groups, although C-WL subjects trended to have more advanced stage disease. Analysis in a subset of patients showed that C-WL subjects had lower grip strength, aLBM, FM, and appetite scores compared with the other groups, although differences were not significant for the latter variable, as we have described previously. 15 Also, and as previously described, weight losing when compared with weight stable cancer patients and non-cancer controls had lower albumin (3.4 ± 0.1, 3.8 ± 0.07 and 3.9 ± 0.04 g/dL, respectively, P < 0.001) and higher hs-CRP levels (3.5 ± 1.1, 1.76 ± 0.8 and 0.49 ± 0.1 mg/dL, respectively P < 0.03).
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GDF15 and other inflammatory markers are increased in cancer-related weight loss Levels of GDF15, IL-6, and IL-8 were significantly increased in C-WL versus other groups (Figure 1 ). Activin A was significantly elevated in both cancer groups compared with controls. IL-1Ra, IL-4, INF γ, TNFα, and VEGFA were also elevated in C-WL, but the difference only reached significance when compared with C-WS. Among the inflammatory cytokines whose presence was not detectable in more than a quarter of the samples tested, IL-10, IL-12p70, and IL-17 were significantly elevated in C-WL compared with the two other groups (Table 2 ). Other cytokine pairs with significant differences were also noted: increased G-CSF in C-WS versus other groups, increased IL-7 in C-WL versus C-WS, and increased MIP-1α in C-WL versus Co. There were no significant differences between groups in eotaxin, fibroblast growth factor basic, GM-CSF, IL-13, IL-15, IL-1β, IL-2, IL-5, IL-9, IP-10, MCP-1, MIP-1β, PDGFbb, and RANTES levels (data not shown). Exposure to radiation therapy has been associated with acute (4 h after exposure) elevations in GDF15 mRNA levels. 16 In our cohort, only one subject in the cancer-weight stable group was receiving radiation therapy at the time of enrolment, although it had not been exposed to radiation 24 h before enrolment; 48 other subjects had a history of past exposure (more than 1 month before enrolment) to radiation therapy. Moreover, there was no difference in GDF15 levels or in other cytokine levels between subjects exposed and those unexposed to radiation therapy (data not shown). Figure 1 Upregulated cytokine levels in weight losing patients with cancer. Data are represented as box plots (median and quartiles). Circulating levels of cytokines in control patients (Co), weight stable cancer patients (C-WS), and weight losing cancer patients (C-WL). Non-parametric oneway ANOVA Kruskal-Wallis test and multiple comparisons test Dunn's *P < 0.05, **P < 0.01, ***P < 0.001. Chi-square test. *P < 0.01 compared Co to C-WS. **P < 0.05 compared Co to C-WL. ***P < 0.05 compared C-WS to C-WL. ****P < 0.01 compared C-WS to C-WL. 
Association between GDF15 and other inflammatory markers and clinical parameters in cancer subjects
Levels of GDF15 correlated positively with those of IL-6, IL1Ra, IL-2, IL-4, IL-9, IL-10, IP-10, INFγ, IP-10, MCP-1, MIP-1α, MIP-1β, TNFα, VEGFA, and Activin A in patients with cancer. Also, GDF15, IL-6, IL-8, and IL-1ra levels significantly correlated with 6 month weight loss (see Supporting Information, Table  S1 ). GDF15 negatively correlated with aLBM, handgrip strength, and FM. IL-8 and Activin A negatively correlated with aLBM and FM (Table 3 ). There was no association between GDF15 and appetite scores as measured by the Anderson Symptom Assessment Scale (not shown). Performance status as measured by ECOG was positively correlated with Activin A and negatively correlated with IL-2; KPS was negatively correlated with Activin A and positively correlated with IL-2; regarding FACIT-F scores, physical domain scores were negatively correlated with GDF15 (Table S2 ). The association between hs-CRP and albumin and other clinical parameters has been reported previously. 15 
Subset analyses in lung cancer subjects
Subset analyses were performed with data from patients with lung cancer, the largest group of patients available by cancer diagnosis. Sample size was too small in other tumour types to conduct these statistical analyses. In this subset, multivariate logistic regression was used to evaluate the association between the cytokine levels and C-WL after adjusting for tumour stage. GDF15, VEGFA, MIP-1β, IL-12, PDGFbb, RANTES, and IL-6 were significantly associated with weight loss in patients with lung cancer (Table 4) . In order to perform a multivariate logistic regression analysis, cytokines were removed from further analyses when the Pearson correlation coefficients were greater than 0.5. Activin A, IL-6, and IL-8 were strongly correlated among themselves; RANTES, IL-8, VEGFA, and PDGFbb were also strongly correlated with each other (Table S3) . Therefore, only GDF15, IL-6, PDGFbb, MIP-1β, and IL-12 were included for further analysis. Of the five cytokines subjected to multivariate logistic 
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GDF15 in cancer-related weight loss regression analysis adjusted by tumour stage, GDF15 was identified as the only predictor of weight loss (Table S4) .
Survival analysis
Survival analysis showed that GDF15 and IL-8 predicted survival after adjusting for stage and weight change (Cox regression P < 0.001 for both). Cancer diagnosis per se was not a significant predictor of survival in this model (not shown). Kaplan-Meier analysis by GDF15 and IL-8 quartiles showed that lower GDF15 and IL-8 levels were associated with better survival (P < 0.05 for both; Figure 2 ), while conversely, the highest quartile was associated with the poorest survival.
Discussion
Several lines of evidence suggest a prognostic link between weight loss and cancer. For example, weight loss and anorexia were reported to be associated with poor prognosis and worse survival in cancer and other chronic conditions in several studies. 17, 18 Others have shown that both weight loss and anorexia are associated with greater mortality in patients with terminal cancer. 19 Despite the enormous burden on patients, cancer-related anorexia and weight loss are often undiagnosed and remain untreated. Also, inflammatory markers are thought to play a role in the development of these symptoms, and the prognostic value of some of these markers has been examined before. [20] [21] [22] [23] The transforming growth factor beta family of cytokines has recently been identified as a potential therapeutic target for C-WL, given that it is one of the key regulators of lean body mass and body weight. A novel member of this family known as macrophage inhibitory cytokine-1/GDF15, originally identified as a key regulator of macrophage activation, was shown to induce anorexia and weight loss in mice bearing tumours over-expressing GDF15. Moreover, these effects were neutralized by administration of monoclonal antibodies targeting GDF15. 8 In humans, the role of GDF15 is still controversial, with some studies reporting an association with weight loss and survival in patients with prostate cancer while other studies reporting an association between GDF15 and other inflammatory markers but not with nutritional status or survival in patients with gastrointestinal tumours.
9,10 The purpose of this study was to further characterize the role of GDF15 and other inflammatory markers in humans with cancer with and without weight loss compared with noncancer controls and to establish the association between these markers and clinically relevant outcomes including body composition, body weight, muscle strength, and overall survival.
In this study, circulating levels of GDF15 were significantly increased in patients with cancer with weight loss compared with patients with cancer without weight loss and non-cancer controls. Moreover, GDF15 levels were associated with weight loss, decreased FM, muscle mass, strength, physical performance scores, and survival in patients with cancer. This is very relevant because LBM loss is a negative and independent prognostic factor in patients with cancer 18 and decreased grip strength is associated with poor survival in this population. 24 Lean body mass in the extremities (also known as appendicular LBM or aLBM) is a good surrogate for muscle mass, given that most of the lean tissue in this area is skeletal muscle, 25 unlike the lean body mass in the trunk that includes a large amount of non-skeletal lean tissue such as liver, gastrointestinal tract, and heart. Although causality cannot be inferred from the current study, these associations between GDF15 levels, muscle mass, and strength and survival suggest that it could be used as a prognostic biomarker in this setting as others have previously proposed.
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GDF15 has been postulated to play a role in cancerinduced weight loss by inducing anorexia in animal models; hence, it is intriguing that appetite scores were not associated with GDF15 levels in our study in spite of the clear association with other parameters that are clinically relevant such as LBM, body weight, and survival. Our study was not set up to answer this question but it is possible that the acute effect of GDF15 on appetite demonstrated in rodents is not maintained chronically or that other factors inherent to patients with cancer (i.e. administration of chemotherapy and opioids) interfere with this association. More studies will be needed to explore this issue in more depth.
The association between GDF15 and decreased aLBM, FM, and grip strength in patients with cancer suggests that this molecule may be involved in the regulation of body composition and muscle function in this setting. Although the mechanism cannot be elucidated from this study, several hypotheses could explain these findings. GDF15 has been proposed to cause anorexia through a direct effect on the hypothalamus, at least in rodents. 8 Also, other members of the transforming growth factor beta receptor superfamily such as myostatin or Activin A directly regulate muscle mass by promoting proteolysis and decreasing protein synthesis. [27] [28] [29] Whether GDF15 shares the same pathways in muscle remains to be determined and should be the focus of future studies.
In rodent models, Activin A induces weight loss and inhibition of the Activin receptor type IIB in skeletal muscle reverses the phenotype and increases survival. 28 However, data in humans of the potential role of Activin A in this setting are lacking. Here, we report that circulating levels of Activin A were increased in patients with cancer with weight loss and that it correlated with LBM, FM, and performance status scores. This is consistent with the notion that in addition to GDF15, plasma Activin A levels may also be used as a biomarker of cachexia in humans and may serve to guide future therapeutic interventions. The association between Activin A and LBM also supports the concept that the cellular target of this pathway is skeletal muscle.
Several other pro-inflammatory cytokines including IL-6, TNF-α, and IL-1β have been associated with cachexia and anorexia in both humans and rodents 3, 20, 30 but the role of IL-8 in C-WL is less well characterized. In our cohort, IL-8 was associated not only with aLBM and FM but also with survival. To our knowledge, this is the most comprehensive characterization of the associations between IL-8 and other clinical parameters in this setting. Given that genetic polymorphisms of IL-8 have been associated with an increased risk for C-WL 31 and that in-vitro studies have shown that IL-8 induces the synthesis of hepatic inflammatory mediators, 32 it is tempting to think that there is a causal relationship between IL-8 induction and the aforementioned outcomes. More studies will be needed to test this hypothesis. IL-2 was not different between groups, but it correlated well with better ECOG and KPS. The role of IL-2 in cancer cachexia is not well established, but it is reportedly an anti-inflammatory cytokine. 33 Larger and more mechanistic studies will be needed to determine the relevance of this association.
There are several strengths to this study. The patients were all males and fairly homogeneous with regards to comorbidities. This is, to our knowledge, the most comprehensive report of clinically relevant outcomes in C-WL such as aLBM, grip strength, survival, and GDF15 levels. The inclusion of non-terminally ill patients in this study allowed us to explore the role of these variables in a wider variety of cancer patients. The extended length of time given to follow-up for this cohort of patients provided additional strength to the resulting survival analysis.
This study also presented certain limitations. Its relatively small sample size and the heterogeneity of the samples with regards to tumour type or stage may have limited the power of the study to find additional, potentially significant differences among its various outcomes. Nevertheless, a post hoc analysis limited to the most common tumour type-lung cancer also showed an association between GDF15 and weight loss even after adjusting for tumour stage. Unfortunately, the sample size for other cancer diagnoses was too small to perform statistical analyses and to establish if these biomarkers predict weight loss in other settings.
The study was performed at the Veterans Affairs Medical Center in Houston, and the population at this institution is >95% male. Hence, only men were included in the study, and these results may not be immediately applicable to a female population. Moreover, levels in circulation may not reflect tissue action in the target organs (i.e. hypothalamus, adipose tissue, or muscle), and the potential effects of GDF15 on muscle proteolysis were not evaluated. Nevertheless, these limitations do not diminish the significant conclusions derived from the present study.
In summary, we show here that GDF15 and other inflammatory markers are associated with weight loss, decreased muscle mass, and strength and poor survival in patients with cancer. If larger human studies confirm these findings, GDF15 may potentially serve as a prognostic indicator in patients with cancer. GDF-15 is also being evaluated as a potential therapeutic target for the treatment of C-WL. 34, 35 Table S1. Correlations between inflammatory markers and 6 month body weight loss. Table S2 . Association between inflammatory cytokines and performance status and FACIT-F scores. Table S3 . Correlation coefficients among the top nine cytokines that are associated with cancer-related weight loss in lung cancer. Table S4 . Association between weight loss and cytokine levels using multivariate analysis, adjusting by tumor stage using logistic regression in lung cancer patients subset. Weight loss~Tumor stage + GDF15+Activin A+IL-6+IL-8+VEGFA.
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